According to reports from China, about 20% of hospitalized patients ([@R1], [@R2]) and up to 70% of critically ill patients ([@R2]) with the novel coronavirus disease 2019 (COVID-19) develop the acute respiratory distress syndrome (ARDS), which markedly increases the risk of death ([@R3]). The majority of patients with ARDS due to COVID-19 require intubation and invasive mechanical ventilation ([@R1]--[@R3]). Even though the overflow of patients due to the outbreak and the need for patients isolation limit the application of refined diagnostic procedures ([@R4]), bedside characterization of ARDS pathophysiology is essential to inform the management of these critically ill patients ([@R5]). Available data seem to indicate that ARDS due to COVID-19 might present heterogeneous characteristics. The lung morphology is characterized by coexisting signs of alveolar damage and interstitial injury: ground-glass opacity with or without consolidation and septal thickening are common findings on CT images ([@R6]). Furthermore, progression of pulmonary injury is characterized by specific alterations of the pulmonary vasculature tree, with dynamic increase in the size of vessels ([@R7], [@R8]).

In this study, we assessed the respiratory mechanics, gas exchange, ventilation inhomogeneity, potential for lung recruitment, and ventilation/perfusion mismatch by electrical impedance tomography (EIT) in a cohort of intubated patients with ARDS from COVID-19. The study hypothesis was that heterogeneous findings could indicate the need for personalized treatment and that physiologic measures at low positive end-expiratory pressure (PEEP) might already yield useful guidance.

MATERIALS AND METHODS
=====================

Study Population
----------------

We conducted a prospective physiologic study on 10 intubated patients admitted to the general ICU of Maggiore Policlinico Hospital, Milan, Italy. Inclusion criteria were: intubated patients with confirmed infection by novel coronavirus 2019 (severe acute respiratory syndrome coronavirus 2) and diagnosis of ARDS on the day of the study, scheduled to undergo a PEEP trial for clinical reasons. Exclusion criteria were: age less than 18 years, hemodynamic instability, history of severe chronic obstructive pulmonary disease, pregnancy, contraindications to the use of EIT (e.g., presence of pacemaker or chest surgical wounds dressing). The ethical committee of the hospital approved the study (reference 239_2020) and informed consent was obtained according to local regulations.

Data Collection
---------------

After enrollment, we collected sex, age, body mass index, comorbidities, days of intubation, Sequential Organ Failure Assessment score, clinical PEEP level, and the severity of ARDS.

EIT Monitoring
--------------

We placed an EIT dedicated belt containing 16 electrodes around the patient's chest at the fifth or sixth intercostal space and connected it to an EIT monitor (PulmoVista 500; Dräger Medical GmbH, Lübeck, Germany). EIT data were generated by application of small alternate electrical currents rotating around patient's thorax, continuously registered at 50 Hz during all study phases and stored for offline analysis.

Study Protocol
--------------

Patients were connected to a ventilator (Servo I; Getinge AB, Göteborg, Sweden) and ventilation mode (seven on volume-controlled ventilation, three on pressure support ventilation), tidal volume (V[t]{.smallcaps}), support, and respiratory rate (RR) were left as selected by the attending physician throughout the whole study. All patients were deeply sedated and kept in the semi-recumbent position, seven patients on controlled ventilation were also paralyzed.

The study consisted of two crossover steps (i.e., all patients undergoing both phases) performed in random order for 15 minutes:

1.  1\) PEEP set at 5 cm H~2~O (PEEP~low~)

2.  2\) PEEP set at 15 cm H~2~O (PEEP~high~)

For safety reasons, in one patient with clinical PEEP of 18 cm H~2~O, PEEP~low~ was set at 10 cm H~2~O and PEEP~high~ at 20 cm H~2~O. F[io]{.smallcaps}~2~ during each study phase was titrated to obtain peripheral oxygen saturation greater than or equal to 88%.

Gas Exchange and Ventilation Data
---------------------------------

During the last minutes of each phase, we collected arterial blood gas analysis, and we performed end-inspiratory and end-expiratory occlusions to measure the plateau pressure (Pplat) and the total PEEP (PEEP~tot~), carefully checking muscles relaxation in patients on pressure support ([@R9]). V[t]{.smallcaps} as average value from 10 breaths was collected, too. Then, we calculated:

1.  1\) The driving pressure (DP) as (Pplat--PEEP~tot~)

2.  2\) The respiratory system static compliance (Crs) as V[t]{.smallcaps}/DP

3.  3\) The ventilatory ratio, as previously described, with higher values indicating less efficient [co]{.smallcaps}~2~ clearance ([@R10])

Regional Ventilation by EIT
---------------------------

We horizontally split the EIT images into two contiguous regions of interests of the same size: nondependent from halfway up and dependent from halfway down. Then, from offline analyses of EIT data obtained during the last minutes of each study phase, we measured:

1.  1\) The relative pixel-level ventilation (V~pixel~)

2.  2\) The percentage of V[t]{.smallcaps} distending dependent lung regions at each PEEP level (dorsal fraction of ventilation), with values nearer to 50% indicating more homogenous ventilation distribution ([@R11])

3.  3\) The Global Inhomogeneity (GI) index, with higher values indicating less homogenous ventilation ([@R12])

4.  4\) Changes in end-expiratory lung volume at higher PEEP (ΔEELV~EIT~) ([@R13])

5.  5\) Lung recruitment at higher PEEP (RECR~EIT~) as the increase in EELV measured by EIT minus the change in EELV predicted from the respiratory system compliance measured at PEEP~low~ (i.e., RECR~EIT~ = ΔEELV~EIT~--ΔEELV~Crs~ = ΔEELV~EIT~--\[Crs at PEEP~low~ × ΔPEEP\]) ([@R13])

6.  6\) The recruitment to inflation (R/I) ratio, calculated as the compliance of the recruited lung (C~RECR~ = RECR~EIT~/ΔPEEP) divided by the compliance of the baby lung (Crs at PEEP 5 cm H~2~O). Higher values of the R/I ratio indicates larger potential for lung recruitment ([@R14], [@R15])

Regional Perfusion by EIT
-------------------------

In paralyzed patients (*n* = 7), during the PEEP 5 cm H~2~O step, after assessing lung mechanics, we performed a second end-inspiratory occlusion lasting 20 seconds and, 2 seconds after the start, we injected a bolus of 10 mL of 5% NaCl solution via the central venous catheter. Then, from the offline analysis of the EIT data recorded during the saline bolus injection, we measured (**Fig. 1**):

1.  1\) The pixel-level relative regional pulmonary perfusion (Q~pixel~): the cardiac region was removed from the images and the slope of the EIT signal deflection during the saline bolus injection in each pixel was normalized to the overall detected signal, yielding the relative Q~pixel~ ([@R16])

2.  2\) Ventilation-perfusion (V/Q) mismatch: if the amount of the V~pixel~ or Q~pixel~ was less than or equal to 10% of the highest pixel-level value measured in that patient for that study step, then the pixel was classified as either nonventilated or nonperfused, respectively. Then, V/Q mismatch was quantified as the percentage of pixels that were classified as ventilated but not perfused (dead space fraction) plus the percentage of those perfused but not ventilated (shunt fraction). In this way, V/Q mismatch ranged between 0% and 100%, with higher values indicating more mismatch

3.  3\) To quantify the relative contribution of the dead space versus shunt fraction to V/Q mismatch, we calculated the dead space to shunt ratio as the dead space fraction divided by shunt fraction. Values higher than 1 indicates more relevant role of dead space in determining V/Q mismatch and vice versa

Statistical Analysis
--------------------

Sample size was similar to previous physiologic studies ([@R13], [@R17]). Comparisons between the two PEEP levels of normally distributed variables were performed by repeated measure *t* test, while non-normally distributed variables were compared by Wilcoxon signed rank test. Normality was tested by the Shapiro-Wilk test. Association between two variables was assessed by Spearman regression coefficient. A level of *p* value of less than 0.05 (two-tailed) was considered as statistically significant. Normally distributed data are indicated as mean ± [sd]{.smallcaps}, while median and interquartile range are used to report non-normally distributed variables. Statistical analyses were performed by SigmaPlot 11.0 (Systat Software, San Jose, CA).

RESULTS
=======

Patients' Characteristics
-------------------------

Patients were 57 years old (54--64 yr old), four were obese but comorbidities were few. Patients were studied 5 days (1--11 d) after intubation and, under clinical settings, three patients had mild, five patients moderate, and two severe ARDS (**Table [1](#T1){ref-type="table"}**).

###### 

Main Characteristics of the Study Population
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Physiologic Effects of PEEP and Potential for Lung Recruitment
--------------------------------------------------------------

When looking at average values, increasing PEEP by 10 cm H~2~O did not affect the respiratory mechanics: the respiratory system compliance remained relatively high, keeping the DP below safe threshold despite intermediate V[t]{.smallcaps} (**Table [2](#T2){ref-type="table"}**).

At PEEP~high~, oxygenation improved, albeit by small extent (Table [2](#T2){ref-type="table"}) and arterial [co]{.smallcaps}~2~ tension significantly increased at constant V[t]{.smallcaps} and RR (Table [2](#T2){ref-type="table"}) due to significant increase in dead space as assessed by the ventilatory ratio (Table [2](#T2){ref-type="table"}). Measures of ventilation inhomogeneity by EIT improved, too: dorsal fraction of ventilation became closer to 50% and the GI index decreased (Table [2](#T2){ref-type="table"}).
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At PEEP~high~, the global increase in lung volume (ΔEELV~EIT~) was of 800 mL (618--987 mL), of which 309 mL (260--487 mL) was due to recruitment (RECR~EIT~). Potential for lung recruitment measured by EIT through the R/I ratio showed relatively high median values of 0.79 (0.53--1.08), but with extremely large variability, as indicated by range of 0.16 to 1.40.

The R/I ratio was not correlated with the days of ventilation (*r* = 0.079; *p* = 0.81), while we disclosed significant correlation between the R/I ratio and the F[io]{.smallcaps}~2~ at PEEP~low~ (*r* = 0.603; *p* = 0.05).

Regional Ventilation-Perfusion Mismatch
---------------------------------------

**Table [3](#T3){ref-type="table"}** summarizes patient-level values of ventilation and perfusion measured by EIT at PEEP~low~ in seven paralyzed patients. The percentage of pixels with V/Q mismatch was 34% (32--45%): six out of seven patients had quite large V/Q mismatch with values higher than 30%. The dead space fraction was much more relevant than the shunt fraction in all but one patients and the dead space to shunt ratio was, indeed, 2.3 (1.6--3.9) (Table [3](#T3){ref-type="table"}).

###### 

Ventilation and Perfusion Matching Measured by Electrical Impedance Tomography
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DISCUSSION
==========

Study main findings can be summarized as follows: in a population of 10 patients with ARDS from COVID-19, potential for lung recruitment presents high inter-individual variability; higher R/I ratio values or higher F[io]{.smallcaps}~2~'s needed to maintain viable oxygenation at lower PEEP could be used to identify patients with larger potential for lung recruitment; ARDS from COVID-19 is characterized by elevated ventilation-perfusion mismatch, with larger prevalence of ventilated nonperfused lung units (dead space) in comparison to perfused nonventilated units (shunt).

Potential for lung recruitment might be a crucial physiologic measure in ARDS patients ([@R18]) for two main reasons. From a clinical perspective, previous studies showed that higher potential for lung recruitment is an independent predictor of mortality in ARDS ([@R18]). From a physiologic point of view, application of higher PEEP levels in patients with larger potential for recruitment could enhance lung protection through decreased atelectrauma ([@R19]). However, likewise many other pathophysiological features (e.g., hyper- vs hypo-inflammatory condition) ([@R20]), previous observations suggested that potential for lung recruitment can be highly variable in ARDS, possibly identifying specific ARDS subphenotypes with higher versus lower recruitability ([@R18]). Our population of COVID-19 patients with ARDS confirmed that physiologic variability and need for personalized treatment are hallmarks of ARDS ([@R21]). Potential for lung recruitment in our population ranged from 0.16 (meaning that the baby lung size increased only by 16% with a PEEP change of 10 cm H~2~O) to 1.40 (with an increase of the baby lung of 140%). These data generate the hypothesis that histopathological characteristics of ARDS from COVID-19 may be extremely heterogeneous in terms of the most represented lesions (e.g., interstitial vs intra-alveolar edema, reduced aeration vs fibrosis). This variability may be a consequence of the viral load, of the individual inflammatory response, or a mix of both. Our data suggest that potential for lung recruitment should be assessed in each patient with ARDS from COVID-19, for example, to guide personalized titration of PEEP. The R/I ratio can be computed at the bedside by EIT or by other simpler and less expensive methods ([@R14], [@R15]). Alternatively, impairment of oxygenation measured at low PEEP could be used to predict recruitability.

The average physiologic effects of higher PEEP in this population were somehow conflicting: the R/I ratio was higher than previously reported in ARDS patients ([@R15]), ventilation inhomogeneity decreased and oxygenation improved, but at the same time, the ventilatory ratio increased, suggesting higher dead space. Higher PEEP usually worsens [co]{.smallcaps}~2~ clearance by causing regional overdistension and diversion of perfusion from ventilated areas. Of note, overdistension and recruitment coexist to an unpredictable extent in ARDS ([@R22]). Presence of vasodilation of pulmonary vessels ([@R7]) and micro-thrombosis might have further complicated the dynamics of perfusion redistribution at higher PEEP. Compression of dilated vessels in affected lung regions might represent an alternative to recruitment for explaining the PEEP-induced improvement in oxygenation. Furthermore, higher PEEP could worsen the right heart function, decreasing the cardiac output and reducing shunt ([@R23]), further improving oxygenation. Thus, average effects of higher PEEP in this population could already suggest some predominance of detrimental (increased dead space, overdistension, poor right heart function) versus potentially beneficial (recruitment, improved homogeneity) physiologic effects.

Derangements in gas exchange during ARDS are caused by regional mismatch between ventilation and perfusion. In this cohort of COVID-19 patients, ventilation/perfusion mismatch was elevated and mainly due to nonperfused but ventilated units (dead space fraction). These observations add to those from previous studies indicating that elevated [d]{.smallcaps}-dimers are an independent predictor of mortality ([@R3]) and that pulmonary vessels are enlarged ([@R7]) in COVID-19 patients with ARDS. Inflammatory diffuse micro-thrombosis leading to elevated [d]{.smallcaps}-dimers, higher pulmonary vascular resistance and larger dead space fraction might be the underlying mechanism of the observed alterations, thus representing a key pathophysiological trait of ARDS from COVID-19. Specific treatments limiting the detrimental effects of dead space ventilation and diffuse micro-thrombosis (e.g., 5% [co]{.smallcaps}~2~ inhalation or pulmonary vascular vasodilation) ([@R24]) could be tested in these patients.

This study has few limitations: first, the population was small, but we performed multiple refined physiologic measures, and given the rapid spread of COVID-19 cases worldwide, we wanted to present our results early to support formulation of more solid clinical and research hypotheses. Second, the time we left patients at each PEEP level was short, albeit similar to previous studies ([@R13]) and longer than the one used in the first study reporting the methodology to assess the R/I ratio ([@R15]). Third, patients were studied at different time points along their clinical time course, and this likely corresponded to different phases of the inflammation process, further increasing heterogeneity. However, potential for lung recruitment was not correlated with days from intubation, likely indicating that intubation might not be an accurate estimate of the highest severity reached by this syndrome. Fourth, albeit EIT measures of change in lung volumes, recruitment and ventilation-perfusion mismatch have been validated ([@R13], [@R16]), only half of the lung parenchyma lies within the imaging field ([@R25]). Fifth, we did not perform echocardiography to precisely assess the right heart function and the cardiac output at the two PEEP levels, thus leaving to speculation part of the explanations for our findings.

CONCLUSIONS
===========

Potential for lung recruitment in patients with ARDS from COVID-19 is highly variable and simple bedside estimates of recruitability should guide personalized mechanical ventilation settings. Elevated ventilation-perfusion mismatch due to high dead space fraction could be a specific characteristic of this syndrome and inform the development of effective treatments.
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